Abstract Ciliated protozoa have been widely used as water quality indicators because their main morphological characteristics are relatively simple to identify microscopically. The species and individual numbers in wastewater treatment systems are a consequence of the operational and environmental conditions of the process. The main objective of this research was to relate the effluent quality of a pilot aerated biofilter with the presence and relative abundance of ciliated protozoa when operated under different organic loading rates. The experimental work was done in a pilot aerated biofilter using 12 mm volcanic porous stones as filtering media and it was fed with municipal wastewater adjusting the experiments to 3 organic loading rates (3, 7, and 9 gCOD/m 2 ·d). Temperature in the filter varied from 11 to 14°C during the experimental work. COD and BOD removal rates do not change significantly with the different organic loads. Nitrification improves inversely to the organic load and it does not show dependence on the slight temperature changes observed. Eighteen species were identified as typical residents in wastewater systems. Free swimming species prefer higher organic loads. Crawling and attached species did not show significant changes with the organic load. According to the saprobity index of Pantle and Buck, the system, independently of the organic load, presented typical α-mesosaprobe level.
Introduction
Since their introduction into Europe in the late 1980s, aerated biofilters have gained acceptance around the world (Pujol, 2000) . These treatment systems perform both suspended solids retention and biological treatment of wastewater; that is why they are known as combined filters (Gonçalves and Rogalla, 1992) . Modularity, pleasing aesthetics, lack of foul odors and their ability to handle wide load variations, are some of their advantages (McCoy, 1997) .
In biofilms there is a succession of microorganisms where ciliates play an important role by consuming bacteria and thus favoring the degradation of organic matter. The predatory activity and specialization of ciliates allow their use as biological indicators of water quality in biological wastewater treatment systems (Lugo et al., 1991) .
The main objective of this research was to relate the effluent quality of a pilot aerated biofilter with the presence and relative abundance of ciliated protozoa when operated under different organic loading rates.
Method
A pilot aerated biofilter was packed with porous volcanic stones, 12 mm in diameter, and fed with municipal wastewater from Mexico City (Table 1, Figure 1 ). The filter was 30 cm in diameter and 3.0 m height. Aeration was provided with a low-pressure blower. Backwashing was performed using a 6-bar air compressor for the bed expansion, tap water to avoid external contamination and the timing every 48 hours.
Three organic loads were applied (3, 7 and 9 gCOD/m 2 ·d) to the filter. Influent and effluent time proportional samples were taken and analyzed for COD, NH 4 -N, NO 3 -N, total N, and TSS. Temperature and pH were measured continuously. Ciliated protozoa were identified for every organic load. The saprobity index (SIPB) was determined according to Pantle and Buck (Foissner, 1992) .
The influent and effluent water samples were taken as 24-hours time proportional samples and then combined to get a final 48-hour sample. All proportional water samples were maintained refrigerated at 4°C during a maximum time of 24 hours. A correlation analysis (r) was applied to the results.
During every backwashing operation all of the backwash-water was retained in a 100-litre container in order to capture all the detached microorganisms and to determine the total amount of produced biomass between backwashing (48-hour cycles). The sludge collected with the backwash-water was analyzed for TSS, Kjeldahl-nitrogen, and for microscopic observations.
Minutes before the start of the backwasing and shortly before the backwashing procedure was finished, several pieces of the filter media were taken to perform microscopic analysis. The intention was to evaluate the growth of the biofilm during the 48-hour cycle and to observe the microorganisms remaining attached after backwashing.
A simple statistical analysis was used to correlate the different operational parameters with the presence of ciliated protozoa. Good correlation shows coefficient values (r) approaching 1.0 (from 0 to 1) and low error probability (p) approaching zero (from 1 to 0). 
Results

Performance of the bioflter
From the operational point of view, the behavior of the substrate concentration in the reactor, although the concentrations were only determined at the influent and effluent positions, can be considered that of a plug-flow reactor. The highest concentration can be found at the influent, steadily diminishing through the reactor bed, and the lowest at the effluent. Backwashing provided a complete mixing of the filter media every 48 hours with the consequence of a homogeneous distribution of the microbial communities inside the filter. Then, a significant stratification of the microbial communities within the filter length can not be expected in 48 hours.
The removal rates of COD and BOD did not change significantly during the three organic loads showing average values of 84 and 87 percent, respectively (Table 2) . Theoretically, the COD and BOD removal rates increase inversely with the organic load and directly with the temperature. The removal of TSS reached a maximum of 83% during the second organic load and the lowest of 72% during the first one. The COD, BOD, and TSS values do not allow us to identify tendencies and to form conclusions about the influence of the organic load and/or temperature on the performance of the reactor. Table 2 shows too that the lowest temperature was of 11.0°C recorded during the first and lowest organic load. The highest temperature was 14.0°C, reached during the third run.
As expected for nitrification processes, where the highest numbers of nitrifying bacteria are found with higher mean cellular residence times (MCRT), the highest removal of ammonium was 88% during the lowest organic load and of 78% during the highest one (Chen and Cheng, 1994) . On the other hand, nitrification increases with temperature. Considering that the backwashing procedure eliminates the newly grown microorganisms and that stable populations can only be found in the deeper parts of the pores, then nitrification should depend more on the temperature than on the organic load and, consequently, on the MCRT (Rogalla and Bourbigot, 1990) .
According to the performed statistical analysis, the best correlation for NH 4 -N removal was with the hydraulic retention time (HRT) (r = -0.99, p = 0.15) and with the influent NH 4 concentration (r = -0.99, p = 0.19) (Figure 2 ). The correlation of NH 4 -N removal with the organic loading rate was also good (r = 0.98, p = 0.11). These results are similar to the ones reported by Chen and Cheng (1994) who observed inhibition of nitrifying bacteria at high NH 4 concentrations. Total N removal follows a similar pattern to NH 4 -N.
Temperature, pH, and dissolved oxygen presented no significant differences between C. García-Santana and S. González-Martínez Table 2 . Dissolved oxygen values are high enough to consider this parameter a limiting factor for heterotrophic and nitrification processes. The determination of total solids inside the filter considers all existing organic material measured as TSS. The values increase dramatically with the organic load. This determination includes TSS captured from the wastewater and TSS from the growth of microorganisms. Table 2 shows a considerably higher TSS value in the influent wastewater during the third run, a value corresponding with the highest solids contents in the reactor. A differentiation between influent TSS and biomass growth was not possible. Table 3 presents the distribution of protozoa for the three organic loads. All of the 18 observed species have been classified as typical residents of domestic sewage without or under biological treatment with trickling filters (Sleigh, 1989) and activated sludge systems (Curds, 1969; Curds and Cockburn, 1970; Al-Shahwani and Horan, 1991; Slàdecek, 1981; Sleigh, 1989; Madoni, 1991) . Thirteen species were observed during the lowest load, 14 during the second and 10 during the third and highest load. Two functional categories were present: bacterivores and carnivores (Figure 3) . The first one was dominant during the three organic loads, even though they showed a slight decrease when increasing the load. The carnivores presented the highest numbers during the second organic load and the lowest during the third one. According to the theory, the number of species get lower with increasing organic load and decreasing the regeneration time of the biofilm (Curds, 1975; Kinner and Curds, 1987) . The succession observed for ciliated protozoa is similar to the one in activated sludge systems and trickling filters (Curds, 1992; Madoni, 1991) . The absence of Colpidium sp., Cyclidium sp., and Glaucoma sp. during the second and third organic loading rates is characteristic of good functioning systems (Sleigh, 1989) . Figure 4 shows that increasing the load reduced the numbers of free-swimming species (r = 0.99; p = 0.12). The disappearance of some of them and other bacterivores can be an effect of the collisions of the media particles during backwashing of the filter or of the reduction of the MCRT caused by increasing organic loading rates, or a combination of both. The numbers of crawling and attached species increased during the second run (organic load of 7 gCOD/m 2 ·d) and decreased again during the third run showing not an identifiable tendency.
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Protozoological analysis
In either case, the numbers of the species are low (from 2 to 3 for crawling and from 3 to 5 for attached) increasing the analysis error with decreasing numbers.
According to the statistical analysis, temperature was the main factor influencing the decrease of free-swimming species (r = 1.0, p = 0). The numbers of sessile and crawling species did not change significantly with the organic load and no relationship with the physicochemical parameters could be observed.
Saprobic level
The Pantle and Buck′s saprobity index indicates that, using the identified species as indicators, the system, operated under the three organic loads, corresponds to the α-mesosaprobe level (Table 4) . This result was confirmed with the Slàdecek and Tucek Saprobity Index (Slàdecek and Tucek, 1975) . However, the individual saprobity index of each species (Table 3) showed that the second load has a tendency to β-mesosaprobity since it showed a larger number (60%) of species endemic to β-mesosaprobe zones.
Conclusions
1. The observed ciliates for the three organic loads correspond with the succession commonly present in activated sludge and trickling filter systems. 2. The increases of temperature affect negatively the number of free swimming and sessile species. 3. COD and BOD removal rates did not change significantly with the organic load. The mean value of the three organic loads was 84% for COD and 87% for BOD. 4. Ammonium and total N removal rates decrease with increasing organic loads and hydraulic retention time. 5. The saprobity indexes obtained indicate that there are no significant differences between the three organic loads: all three correspond to α-mesosaprobic systems. The water quality corresponds also with the quality index of the α-mesosaprobic zone. 
